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@ An optical fiber fusion splicer which includes 
means for supporting two optical fibers with 
their ends in an aligned facing relation along an 
axis, means for heating ' the two optical fibers 
uniformly around their circumferences at their 
facing ends, and means for controlling the 
power input to the means for heating so as to 
heat the optical fibers at their facing ends with 
the minimum power sufficient to fuse the facing 
ends. 
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BACKGROUND OF THE INVENTION 

This invention relates to optical fibers, and, more 
particularly, to the splicing of two lengths of optical 
fibers to form a single spliced optical fiber. 

Optical fibers are strands of glass fiber process- 
ed so that fight beams transmitted through the glass 
fiber are subject to total internal reflection. A large 
fraction of the incident intensity of light directed into 
the fiber is received at the other end of the fiber, even 
though the fiber may be hundreds or thousands of 
meters long. Optical fibers have shown great promise 
in communications applications, because a high den- 
sity of information may be carried along the fiber. 
Also, the quality of the signal is less subject to exter- 
nal interferences of various types than are electrical 
signals carried on metallic wires. Moreover, the glass 
fibers are light in weight and made from highly plenti- 
ful substances, such as silicon dioxide. 

Glass fibers are typically fabricated by preparing 
a cylindrical preform of glasses of two different optical 
indices of refraction, with a core of one glass inside a 
casing of a glass of slightly lower refractive ihd ex, and 
then processing the preform to a fiber by drawing or 
extruding. The optical fiber is coated with a polymer 
layer termed a buffer to protect the glass from 
scratching or other damage. The optical fibers and 
the buffers may be made with varying dimensions, 
depending upon their intended use and the manufac- 
turer. As an example of the dimensions, in one con- 
figuration the diameter of the glass optical fiber is 
about 0.002-0.005 inches, and the diameter of the 
optical fiber plus the buffer layer is about twice the 
optical fiber diameter. : i 

For some applications the optical fiber must be 
many kilometers long and. must have a high degree of 
optical perfection and strength over that entire 
length. Preparation of an optical fiber of that length 
having no defects is difficult. It is therefore desirable 
to have the capability to splice two shorter lengthsof 
optical fiber together to form a longer optical fiber. 
The need to splice optical fibers also arises when it is 
necessary to use a length longer than can be made 
from a single preform, when an existing length of fiber 
breaks, or when apparatus such as an amplifier is to 
be incorporated into a length of fiber. 

The optica! fiber splice must be accomplished so 
that there is no significant increase in loss of light in 
the vicinity of the splice. The spliced fiber must also 
have a sufficiently high strength to withstand han- 
dling in operations such as winding under tension 
onto a bobbin, or unwinding from the bobbin at high 
rates. Additionally, it must be possible to restore the 
buffer layer initially on the fibers being spliced. 

A number of techniques for splicing optical fibers 
are known in the art. For example, US Patent 
4,263,495 depicts the use of a laser to heat and fuse 
the ends of two opposed optical fibers. In this ap- 
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proach, the laser beam may be directed either per- 
pendicular to the optical fibers, or parallel to the opt- 
ical fib rs and reflected to a focal point by a mirror. As 
such techniques were applied, they were observed to 
5 produce splices that were lacking in strength and re- 
producibility. As a response, automated optical fiber 
splicing control systems such as that of US Patent 
5,016,971 were developed. The automated approach 
of US Patent 5,016,971 has significantly improved 
10 the ability to splice optical fibers in a reproducible 
manner. However, there remains the opportunity for 
improving the strength, optical characteristics, and 
reproducibility of optical fiber splices. 

Therefore, there is a continuing need for an im- 
15 proved method for splicing optical fibers. The im- 
proved technique should produce spliced optical fib- 
ers of acceptable strength and optica! performance, 
and have the ability to provide a continuous buffer 
coating over the spliced region. The splicing method 
20 should be amenable to accomplishing large numbers 
of splices in a reproducible manner. The present in- 
vention fulfills this need, and further provides related 
advantages. 

25 SUMMARY OF THE INVENTION 

The present invention provides a method and ap- 
paratus for grasping and splicing lengths of optical 
fiber together to form a single spficed length. High 

30 quality splices having little loss of light and little loss 
of strength due to the presence of the splice are pro- 
duced. Equally importantly, the splicing method and 
apparatus are automatically controlled and yield high- 
ly reproducible results when applied in a setting where 

35 large numbers of splices must be made on a routine 
basis. 

In accordance with the invention, an optical fiber 
fusion splicer comprises means for supporting two 
optical fibers with their ends in an aligned facing re- 
40 lation along an axis and means for heating the two 
optical fibers uniformly around their circumferences 
at their facing ends. The apparatus further includes 
means for controlling the power input to the means for 
heating so as to heat the optical fibers at their facing 
45 ends with the minimum power sufficient to fuse the 
facing ends. The combination of precisely positioning 
the ends of the optical fibers, circumferentially evenly 
heating the ends being spliced, and utilizing a mini- 
mum required power to fuse the optical fibers produc- 
50 es excellent quality and reproducibility of the optical 
fiber splices. 

In one embodiment, the heating source is a laser 
power source that includes a laser, a shutter that con- 
trollably blocks and passes the laser beam, a parabol- 
as ic mirror whose axis is parallel to the axis of the opt- 
ical fibers, and an optical system that expands the di- 
ameter of the laser beam before it reaches the para- 
bolic mirror. The laser is preferably a carbon dioxide 
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laser whose output power is monitored and used for 
control purposes. There is also preferably a sensor 
that measures the power of the beam reaching the 
optical fiber ends being spliced, such as an optical de- 
tector that measures the change in luminescence at 
the optical fiber ends being spliced. A controller ad- 
justs the beam power responsive to one or both of the 
sensors. The power level of the laser is determined 
in a series of calibration tests to be the minimum pow- 
er required to accomplish the fusion .splicing. Once 
this power level is determined, the same conditions 
are used in subsequent splices of similar optical fiber 
lengths. 

The means for supporting the optical fibers pre- 
ferably includes a first optical fiber clamp positioned 
between the laser and the parabolic mirror, as meas- 
ured along the beam axis, and a second optical fiber 
ctamp positioned further from the laser than the par- 
abolic mirror, as measured along the laser beam axis. 
The parat>o!tc .mirror includes a-bore-therethrough -co- 
incident with tne beam axis. Each of the optical fiber 
lengths whose ends are to be fused and spliced is 
supported m one of the optical fiber clamps, coinci- 
dent with the laser beam axis. The first optical fiber 
clamp ib mounted on a controllable 3-axis manipulator 
stage that permits the optical fiber end to be spliced 
to be positioned very precisely relative to the other 
end. which is held fixed in a location protruding 
through the bore of the parabolic mirror to the focus 
of the mirror 

The optical fibers are monitored and positioned 
responsively using the 3-axis manipulator stage. Two 
monitoring techniques are used. In one, a video image 
of the sides of t he optical fibers is obtained with a vid- 
eo camera. The image may be viewed on a monitor 
and the manipulator stage moved responsively. Pre- 
ferably, the image is processed with pattern recogni- 
tion techniques to recognize the peripheries of the r 
optical fibers. The stage is*t§utomatically moved re- 
sponsively to align the peripheries prior to splicing. In 
a second technique, an optical time domain reflect- 
ometer is used to measure light reflected from defects 
and surfaces within the optical fibers. The stage is 
automatically moved responsively to minimize the re- 
flected light, thus maximizing light transmission. 

The present invention also provides a design for 
the optical fiber clamps that achieves secure clamp- 
ing and holding of the optical fiber while not stressing 
the optical fiber. The clamp includes a support base 
having a slot therein radially dimensioned to conform 
to the outer buffer surface of the optical fiber, and a 
retainer that slides into the slot with a lower end di- 
mensioned to conform to the outer buffer surface of 
the optical fiber. The optical fiber to be held is insert- 
ed into the slot, and the retainer is thereafter inserted 
into the slot to hold the optical fiber securely. The slot 
is precisely located to the outer surface of the clamp 
to permit the optical fiber to be positioned exactly and 



reproducibly. A cooperating clamp holder allows the 
optical fiber to b moved from plac -to-place, and 
also from apparatus-to-apparatus, while retained 

5 within the clamp. Consequently, there is little likeli- 
hood that the optical fiber can be damaged while held 
and moved in the clamp. 

After the splicing of the glass optical fibers is 
complete using the approach of the invention, the 

10 spliced optical fibers must be recoated with buffer 
material. The first important consideration in recoat- 
ing tpe now r spliced optical fiber is to move the optical 
fiber* from the laser fusion apparatus to a recoating 
unit, experience has shown that the removal of the 

15 optical fiber from the clamps and movement to the re- 
coating unit can result in damage to or breakage of 
the optical fiber in the splice region, inasmuch as it is 
not protected by a buffer layer at that time. The pres- 
ent invention therefore provides a clamp holder that 

20 grasps the two optical fiber clamps and allows them 
and the-sp!fced optica! fiber !engths-to-be moved as 
a rigid unit to the recoating apparatus. The result of 
using this clamp holder, which is also usable in other 
contexts for moving aligned and/or spliced optical f ib- 

25 ers, is substantially improved reliability of the splicing 
and recoating operation. 

The present invention provides an important ad- 
vance in the art of optical fiber splicing technology. 
The approach is highly controllable and reproducible, 

30 because the pre-fusion alignment and laser fusion 
operations are controlled responsive to automated 
measurements of the apparatus. The controller, not 
an operator, determines the alignment and fusion 
conditions, and the coaxial design ensures circumfer- 

35 entially even heating of the optical fiber ends as they 
are fused. Other features and advantages of the in- 
vention. will be apparent from the following more de- 
tailed-description of the invention, taken in conjunc- 
tion with the accompanying drawings, which illus- 

40 trate, by way of example, the principles of the inven- 
tion. 

BRIEF DESCRIPTION OF THE DRAWINGS 

45 Figure 1 is a perspective view of an optical fiber; 

Figure 2 is a schematic block diagram of the opt- 
ical fiber splicing apparatus; 
Figure 3 is a side sectional view of the parabolic 
mirror with optical fiber lengths in position for 

so splicing; 

Figure 4 is a perspective view of the optical fiber 
clamp holding an optical fiber; 
Figure 5 is a perspective view of the optical fiber 
clamp holder; 

55 Figure 6 is a perspective view of the recoating ap- 

paratus; and 

Figure 7 is a perspective view of a split mold for 
recoating the optical fiber with buffer material, 
with interior features in phantom lines. 
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DETAILED DESCRIPTION OF THE INVENTION 

Figure 1 depicts a generally cylindrical optical fib- 
er 10, having a core 1 2 of a glass of a selected refrac- 5 
tive index and a casing 14 of a glass having a slightly 
lower refractive index. The glass used in the core 12 
and the casing 14 are of slightly different composi- 
tions, and are in most cases silicon dioxide-based 
glasses. A buffer coating 16 of a polymer material 10 
such as a UV curable acrylate surrounds the optical 
fiber 10. By way of illustration and not limitation, for a 
typical fiber the cylindrical diameter of the optical fib- 
er 1 0 (that is, the outer diameter of the casing 14) is 
about 0.002-0.005 inches, and the cylindrical diame- 15 
ter of the buffer coating is about twice that of the opt- 
ical fiber 10, or about 0.004-0.010 inches. The prefer- 
red embodiment of the present invention deals with 
splicing two of such optica! fibers 1 0 in an end-tcnend 
manner, and not the particular structure or materials 20 
of construction of the optical fibers and buff en coat- 
ing, and is not so limited. 

Figure 2 depicts a laser fusion apparatus 20. A 
laser 22, preferably a carbon dioxide laser, produces 
a laser beam 24 directed along a beam axis 26. The 25 
laser beam 24 first passes through a controllable 
shutter 28 and then through a beam expander 30 that 
produces an output laser beam 32 coaxial- with the 
beam axis 26 but of expanded diameter as compared 
with the laser beam 24. I 30 

A parabolic mirror 34, depicted in greater detail in 
Figure 3 and having a reflecting surface 36 which is 
a parabolic surface of revolution or paraboloid, is 
positioned so that its parabolic axis is coincident with 
the beam axis 26. The expanded laser beam 32 is 35 
also coincident with the beam axis 26, so that the las- 
er beam 32 reflects from the parabolic reflecting sur- 
face 36 through a focal point 38 of the parabolic mir- 
ror 34. As depicted by the ray paths of Figure 3, This 
arrangement, together with the coaxial alignment 40 
and positioning of the ends of the optical fibers during 
splicing, ensures circumferential I y even heating of the 
ends of the optical fibers during the splicing opera- 
tion. ; 

A first length of optical fiber 40 to be spliced, from 45 
which the buffer layer 16 has been removed, is sup- 
ported in a first clamp 42. The first clamp 42 positions 
the first length of optical fiber 40 between the laser 
22 and the mirror 34 coincident with the beam axis 
26. A second length of optical fiber 44 to be spliced, 50 
from which the buffer layer 16 has been removed, is 
supported in a second clamp 46. The second clamp 
46 positions the second length of optical fiber 44 co- 
incident with the beam axis 26 but further from the 
laser 22 than the mirror 34 along the beam axis 26. 55 
The mirror 34 has a bore 48 therethrough, coincident 
with the beam axis 26, of sufficient diameter so that 
the second length of optical fiber 44 can pass there- 
through. The bore 48 preferably has two diameters, 



a smaller diameter near the parabolic surface 
through which the optical fiber 44 (with no buffer 
coating) slides, and a larger diameter which receives 
the second clamp 46, as shown in Figure 3. Alt rna- 
tively, the second clamp 46 may be supported inde- 
pendently of the mirror 34, as shown in Figure 2. In 
the preferred embodiment, the parabolic mirror 34 is 
hinged along its centerline, to permit the mirror 34 to 
be assembled over the second length of optical fiber 
44 held in the second clamp 46. 

The clamps 42 and 46 are designed to firmly but 
gently grasp the buffer coating around a length of opt- 
ical fiber in a manner .such that the optical fiber can 
be readily positioned along the beam axis and also 
moved into the proper splicing position relative to the 
parabolic mirror. A preferred form of the clamps 42 
and 46 is shown in Figure 4. The clamp 42, 46 in- 
cludes a elongated base 50 with a cylindrical outer 
surface 51 and a radial slot 52 extending along the 
cylindrical axis of the base 50. A lower end 54 of the 
slot 52 is concavely curved with a radius of curvature 
of about that of the radius of the buffer layer 16 of the 
optical fiber 40, 44, and preferably just slightly larger 
than that of the buffer layer 16 of the optical fiber 40, 
44 to be grasped in the clamp. The lower end 54 is 
generally concentric with the outer surface 51 , and is 
precisely positioned relative to the outer surface 51 of 
the clamp. 

The clamp 42, 46 further includes a retainer 56 
with a tongue 58 dimensioned to closely fit within the 
slot 52 when the retainer 56 is assembled to the base 

50 by sliding the tongue 58 into the slot 52. A lower 
end 60 of the tongue 58 is concavely curved with a 
radius of curvature about that of the optical fiber 40, 
44, and preferably Just slightly larger than that of the 
buffer of the optical fiber 40, 44 to be grasped in the 
clamp 42, 46. When the clamp is assembled with an 
optical fiber captured between the lower and 54 of the 
slot 52 and t he lower end 60 of t he tongue 58 , an outer 
surface 61 of the retainer 56 is flush with the outer 
surface 51 of the base 50, so that the outer surfaces 

51 and 61 cooperate to form a continuous surface 
that can be readily grasped. In the preferred form, the 
outer surfaces 51 and 61 form a generally continuous 
cylindrical surface when the retainer 56 is assembled 
to the base 50, with an optical fiber captured between 
the lower end 54 of the slot 52 and the lower end 60 
of the tongue 58. 

To grasp an optical fiber 40, 44 in the clamp 42, 
46, the retainer 56 is disassembled from t he base 50. 
The optical fiber 40, 44 is placed into the slot 52. The 
retainer 56 is then assembled to the base 50 by slid- 
ing the tongue 58 into the slot 52. The tongue 58 
slides downwardly until the lower end 60 of the ton- 
gue 58 contacts the buffer of the optical fiber 40, 44, 
forcing it downwardly to contact the lower end 54 of 
the slot 52. The optical fiber is thereby held firmly but 
gently so that it may be positioned as required, in this 
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case along the beam axis. The cooperation between 
the lower ends 54 and 60 holds the optical fiber at a 
precisely known position relative to the outer surfaces 
51 and 61, permitting the optical fiber to be precisely 
positioned relative to the outer surfaces 51 and 61. 
The clamping force may be controlled by adjusting the 
pressure against the surface 61 of the retainer 56. 

The clamp of the present approach offers impor- 
tant advantages over prior clamping techniques for 
optical fibers such as grooved blocks and magnetic 
chucks. The optical fiber may be precisely positioned 
relative to an externally grasped surface. The clamp 
is compact, easy to use, and does not require external 
connections such as a vacuum line. The absence of 
an external support connection is important, because 
such hook-ups limit the ease of movement of vacuum- 
type clamps. In the present clamp, the optical fiber is 
grasped firmly, so that it cannot move either radially 
or axially in the clamp. This one clamp can therefore 
be used for a variety of applications and situations, 
with the optical fiber held securely within the damp. 
The optical fiber is inserted into the clamp, and then 
the clamp is moyed from place to place using a clamp 
holder to be discussed subsequently. There is little 
likelihood that the optical fiber will be damaged by 
bending, twisting, or scratching while held in the 
clamp. 

By contrast, in prior approaches the optical fiber 
was typically held by different clamps at each stage 
of the process, each clamp being tailored for its par- 
ticular stage of the process. While each of the clamps 
might be effective, there was a risk that the optical 
fiber could be damaged as it was moved from clamp 
to clamp between operations. This risk is avoided with 
the present approach, as the optical fiber is not re- 
moved from the clamps 42, 46 between splicing op- 
erations. Although these clamps 42, 46 were de- 
signed for use in the present splicing technique, they 
have broader use in any application where optical fib- 
ers must be grasped firmly but gently. 

Returning to Figure 3, the first length of optical 
fiber 40 has a first end 62 to be spliced to a second 
end 64 of the second length of optical fiber 44. These 
ends 62 and 64 lie.coaxial with the beam axis 26, and 
are placed into a close, and preferably lightly touch- 
ing, facing relationship at the focal point of the mirror 
38. 

To effect this positioning, the second end 64 is 
moved to the proper position at the focal point 38 by 
manually sliding it along the bore 50. The mirror 34 
and the second optical fiber 44 are thereafter held 
stationary. 

The first clamp 42 holding the first optical fiber 40 
is mounted on a three-axis remotely programmable 
and controllable stage 66. The stage 66 permits pre- 
cisely controllable movement of the first clamp 42 and 
thence the first end 62 of the first optical fiber 40 in 
the two dim nsions perpendicular to the beam axis 



26, so that the first optical fiber 40 can be positioned 
exactly coincident with the beam axis 26. The stage 
66 also permits precisely controllable movement of 
5 the first clamp 42 and thence the first end 62 of the 
first optical fiber 40 toward the mirror 34 or away from 
the mirror 34 in the direction parallel to the beam axis 
26, to bring the first end 62 to the focal point 38 of the 
mirror 34. 

10 ' Two monitoring aids are used to precisely posi- 
tion the first end 62 relative to the second end 64. In 
the first, the region of the focal point 38, with the first 
end 62 on one side and the second end 64 on the 
other, is monitored by a TV camera 68. The image is 

15 viewed in a television monitor 70. The image is also 
provided to a microprocessor-based controller 72 op- 
erating the stage 66. Using the microprocessor in the 
controller 72, the image of the two ends 62 and 64 
and the peripheries of the optical fibers 40 and 44 

20 may be automatically analyzed using conventional 
pattern recognition-techniques so that-the peripheries 
of the optical fiber are identified. The controller 72 au- 
tomatically aligns the peripheries so that the outer 
boundaries of the optical fibers 40 and 44 are precise- 

25 ly aligned along the beam axis 26. 

In the second monitoring aid, light transmission 
through the core 12 of the optical fiber 10 is moni- 
tored using an optical time domain reflectometer 
(OTDR) 74. The OTDR transmits light through one of 

30 the optical, fibers 40 or 44, and measures the inten- 
sity of light reflected from defects that may be present 
in the optical fiber. The OTDR preferably is used with 
the shorter of the optical fibers 40 or 44, to maximize 
the intensity of the reflected light for analysis, but 

35 may be used with the longer of the optical fibers or 
both optical fibers. Other optical monitoring aids may 
also be used in place of the OTDR, such as a power 
meter that measures the total light throughput of an 
optical fiber or a local light injection apparatus that 

40 measures the light transmission through a segment 
of the length of the optical fiber. 

The use of the OTDR in characterizing and align- 
ing the optical fibers has several important advantag- 
es. First, it permits identification, location, and char- 

45 acterization of the optical defects in the optical fiber, 
including those at the end to be spliced. Second, it 
permits the optical fiber cores 12 to be aligned for the 
splice, as distinct from the peripheries of the optical 
fibers. In some instances, the cores of optical fibers 

so are not perfectly concentric with t he outer peripheries 
of the casings 14. In those cases, if the visual align- 
ment technique using a television image is used, the 
optical fiber peripheries will be aligned, but the light- 
transmitting cores will not be aligned. 

55 The availability of both the visual and OTDR 

alignment procedures allows the user of the optical 
fiber considerable flexibility in selection of the result 
of the splicing operation. The two techniques are first 
us d for screening the optical fibers. The controller 
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determines the position of the stage 66 for the align- 
ment by each of the two monitoring procedures. If the 
positions are different by more than some preselect- 
ed amount, it may be concludedthat the core is too 5 
non-concentric with the cladding. The optical fiber 
can then be used for some other, less demanding ap- 
plication. 

After an acceptable optical fiber is found, one or 
the other of the alignment procedures is used. If the w 
visual alignment procedure is used, the resulting 
spliced optical fiber will have maximum physical 
strength, but may not have maximum optical light 
transmission because the cores were not perfectly 
aligned. Conversely, if the OTDR procedure is used, 15 
the resulting spliced optical fiber will have maximum 
light transmission, but may not have maximum 
strength because the peripheries were not perfectly 
aligned. The choice of maximum strength, maximum 
light transmission, orunacceptability of one or both of 20 
the optical fibers is achieved automatically according ! 
to these procedures and the instructions of the oper- 
ator. 

Once the first end 62 and second end 64 of the 
optical fiber lengths are positioned in facing contact 25 
at the focal point 38 according to these principles, a 
pulse of laser energy from the laser 22 is directed to 
the focal point 38 by opening the shutter 28 for a pre- 
determined period of time. 

The pulse of laser energy is adjusted to have the 30 
minimum power required to successfully melt and 
fuse the ends 62 and 64 together. The use of a mini- 
mum power reduces distortion of the glass optical 
cores of the optical fibers, and avoids production of 
melt debris that can distort the optical properties of 35 
the optical fibers and also weaken them. In some pri- 
or art approaches, gas flame or electric arc heating 
was used to splice optical fibers. These heating tech- 
niques both are inherently difficult to control and also 
can introduce contaminants into the fused glass. The 40 
use of the laser to heat the optical fibers for splicing 
was an important advance, but too high a laser power 
level can cause the vaporization and ejection of silica 
from the optical fibers. These silica particles redepo- 
sit onto the optical fiber as flaws that can reduce the 45 
strength of the optical fiber. Minimization of the laser 
power minimizes such damage during splicing. The 
minimization cannot be reproducibly achieved with- 
out evenly heating the optical fibers around their cir- 
cumference, and positioning the optical fiber ends in so 
a reproducible manner, as provided by the present 
approach. 

To determine the proper laser power required and 
also the laser power settings and shutter opening dur- 
ation, calibration t sts are performed to splice optical 55 
fibers similar to those that will be spliced in produc- 
tion. The power produced by the laser 22 is measured 
by a meter 80 operating through a port in the laser. 
Such measurement capability is routinely provided in 



commercial lasers. The power level measured by the 
meter 80 is provided to the controller 72. 

The power reaching the focal point 38 during the 
splicing operation is also measured. This measure- 
ment is more difficult to obtain. A lig ht intensity sensor 
82 is positioned to view the ends 62 and 64 at the fo- 
cal point 38 during the splicing event. The intensity of 
the light is detected by the sensor 82, and the output 
of the sensor 82 is amplified by an amplifier 84 and 
provided to the controller 72. It will be appreciated 
that the light intensity is not a direct measure of pow- 
er, but is a power-dependent parameter that can 
serve as the basis for the control of the laser source 
power settings. Thus, during the calibration testing 
the relative positioning of the optical fiber ends 62 
and 64 is determined from the visual image on the 
monitor 70 and correlated with the position of the 
stage-66 using the image processing capability of the 
controller 72. The laser power applied to the ends dur- 
ing splicing is measured both as laser output power 
and as the emitted light from the region of the splice. 

The optical fibers spliced together during calibra- 
tion are evaluated as to their mechanical and optical 
properties, and from the correlation with the meas- 
ured splicing parameters an optimal set of splicing 
parameters is selected. The splicing parameters in- 
clude both the positioning and the power information 
measured during splicing. With the reproducibility af- 
forded by the use of the microcomputer-based con- 
troller 72, these conditions can be reproduced by con- 
trolling the positioning of the stage 66 and the power 
applied to the laser 22 through a laser amplifier 86, 
both of which are established by the controller 72. 

After the ends of the optical fibers 40 and 44 are 
spliced, the bare length of spliced glass must be re- 
coated with buffer material and cured. In the past, it 
has been common practice to remove the spliced 
length from the splicing apparatus (of different type 
than that of the present invention) and to gently move 
it to a coating apparatus. It has now been found that, 
no matter how gently this movement is accomplished, 
the bend or twist stressing of the optical fiber along 
the bare, uncoated length can lead to imperfections 
and possible premature later failure in some instanc- 
es. 

To avoid this bending or twisting of the spliced 
optical fiber during movement from the laser splicing 
apparatus to the recoating apparatus, a clamp holder 
90, shown in Figure 5, has been designed. The clamp 
holder 90 includes two grasping arms 92 and 94. 
These arms 92 and 94 are spaced apart the proper 
distance to grasp the two clamps 42 and 46, respec- 
tively, in their normal position in the apparatus 20. 
The clamps 42 and 46, with the now-splic d optical 
fibers 40 and 42 in place within the clamps, are grasp- 
ed by th arms 92 and 94 and moved as a unit to the 
recoating apparatus. 

Each of the arms 92 and 94 includes a respectiv 
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facing pair of grasping blocks 96 and 98 that are piv- 
otably mounted to a grasping block base 100. A spring 
(not shown) biases the two blocks 96 and 98 of each 
pair toward each other. The grasping blocks 96 and 5 
98 are dimensioned to firmly grasp the sides of the 
clamps 42 and 44. Respective downwardly extending 
locating pins 1 02 and 1 04 are also mounted from each 
of the bases 100. The purpose of these locating pins 
will be discussed subsequently. 10 

The arms 92 and 94 are supported from a handle 
1 06. A movable handle grip 1 08 operates a linkage ex- 
tending inside each arm to the grasping blocks 96 and 
98. When the handle grip 108 is operated, the grasp- 
ing blocks 96 and 98 are pivoted apart against the 15 
spring biasing force so that the arms can be lowered 
over the clamps 42 and 46. When the handle grip 108 
is released, the grasping blocks again pivot closed, 
capturing the clamps 42 and 46. The clamps 42 and 
46, together with the spliced optical fiber lengths 40 20 
and~44, are then moved as a single rigid unit that does 
not bend or twist the optical fiber lengths 40 and 44 
during transport. On the other hand, in some cases it 
may be desirable to prestress the optical fibers 40 
and 44 in tension during recoating, and the clamps 42 25 
and 46 and clamp holder 90 permit the application of 
a controllable pretensioning. The clamps 42 and 46 
are released by the inverse operation of the handle 
grip. The clamp holder 90 was developed specifically 
for use in the splicing operation discussed herein, but 30 
can also be used for other operations involving move- 
ment of precisely positioned and/or aligned optical fib- 
ers and optical fiber devices. 

Recoating of the optical fiber is accomplished 
with an apparatus 112 illustrated in Figure 6. The 35 
clamps 42, 46 rest in cradles 114 and 116, respective- 
ly. Positioning of the clamps into the cradles is aided 
by locating the pins 102 and 104 of the clamp holder 
90 into locating slots 118 and 120 of the apparatus 
112. 40 

Once the clamps 42 and 46, and thence the opt- 
ical fiber lengths are positioned, the optical fiber is re- 
coated with a buffer layer in the regions between the 
previously unstripped coating material, so that the re- 
gion of the splice is fully protected against scratching. 45 
A split mold 130 suitable for casting a flowable poly- 
mer around the optical fibers 40, 44 is illustrated in 
Figure 7. The mold 130, when assembled around the 
optical f ibers 40, 44, rests on a second set of cradles 
122 and 124 around the uncoated portion of the opt- so 
ical fiber. 

The mold 1 30 includes a bottom 1 32 and a mating 
top 1 34, both made of a material transparent to ultra- 
violet light, such as plexiglass. The bottom 132 and 
top 1 34 have semicircular recesses therein along the 55 
facing surfaces so that, when the bottom 132 and top 
1 34 are assembled together, a cylindrical central cav- 
ity 1 36 is formed. The bottom 1 32 and top 1 34 are as- 
sembled over the optical fibers 40, 44 so that the por- 



tion of the optical fibers from which the buffer layer 
16 has not been removed is positioned at the ends of 
the mold 130 as seals. The central portion 138, from 
which the buffer layer 16 has been removed for the 
laser splicing operation, lies within the interior of the 
cavity 136. External access to the interior of the cav- 
ity 136 is provided through a port 140. 

To perform the buffer recoating, a layer of a re- 
lease agent such as polytetrafluoroethylene (teflon) 
may be sprayed on the matching faces of the bottom 
132 and top 134. The bottom 132 of the moid 130 is 
placed onto its cradle 122 or 124. The damps 42 and 
46 are placed into their cradles 114 and 116, respec- 
tively, so that the central portion 138 lies within the 
cavity 136 of the as-yet open mold. The remainder of 
the cavity 136 is filled by injection through a side port 
140 with the flowable, ultraviolet curable polymer that 
polymerizes to become the buffer coating, in this 
case a UV curable acrylate. The polymer is cured by 
directing ul trav iolet light of wavelength appropriate to 
the polymer into the the previously un cured polymer, 
through the transparent walls of the plexiglass mold. 
The preferred ultraviolet light source is a mercury 
lamp with a strong UV output at about 350 nanome- 
ters wavelength, and curing is accomplished in a total 
of about 10 seconds. 

The spliced and recoated optical fiber is removed 
from the recoating apparatus 112 and the clamps 42 
and 46 and inspected. In a typical instance, the 
spliced region will be indistinguishable from the re- 
mainder of the length of the optical fiber, except pos- 
sible for a slight color difference in the buffer material. 

A number of optical fibers have been spliced by 
this approach and measured both as to optical per- 
formance and mechanical strength, after splicing. 

In a first series of tests, J 2 splices of optical fiber 
were made. (A thirteenth splice was prepared, but it 
was found through use of the OTDR that the optical 
fiber had a serious defect well spaced from the region 
of the splice, and it was dropped from the study.) The 
12 splices were measured to have an optical attenu- 
ation to 1.3 micrometer wavelength radiation of 0.089 
+/-0.089 dB. 

In a second series of test, 5 splices of optical fib- 
ers were prepared. No attenuation due to the splice 
was measured at 1.3 micrometer wavelength. 

Mechanical data for about 1 00 spliced optical fib- 
ers was taken by loading the spliced optical fibers to 
tensile failure in an Instron testing machine. The fail- 
ure strengths were measured in excess of 330,000 
pounds per square inch (psi), and many were in ex- 
cess of 400,000 psi. 

In a production test of the approach of the inven- 
tion, 5 splices were made in a fully automated manner 
with no operator intervention. The measured attenu- 
ations at 1.3 micrometer wavelength were less than 
0.3 dB for each splice, and the strengths were in ex- 
cess of 300.000 psi in each case. 
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The present invention provides an important ad- 
vance in the art of splicing optical fibers. It permits 
good splices to be prepared in an automated, repro- 
ducible manner that is well suited for commercial op^ 5 
erations that are not dependent upon operator skill 
and patience. Although particular embodiments of 
the invention have been described in detail for pur- 
poses of illustration, various modifications may be 
made without departing from the spirit and scope of 1 o 
the invention, Accordingly, the invention is not to be 
limited except as by the appended claims. 



Claims tJ 

1 . An optical fiber fusion splicer, comprising: 

means for supporting two optical tibers 
with their ends in an aligned facing relation along 
an axis: 2 < 

means for heating the two optical fibers 
uniformly around their circumferences at their 
facing ends; and 

means for controlling the power input to 
the means for beating so as to heat the optical 25 
fibers at their facing ends with the minimum pow- 
er sufficient to fuse the facing ends. 

2. The optical f iberfusion splicer of claim 1 , wherein 

the means for heating includes 30 

a laser power source that produces a laser 
beam coincident with the axis, and 

a parabolic mirror having a parabolic mir- 
ror axis coincident with the axis along which the 
optical fibers are positioned. 35 

3. The optical f iberfusion splicer of claim 1 , wherein 
the means for heating includes . 

a laser, 

a shutter that controllably blocks and 40 
passes the laser beam, and 

an optical system that expands the diam- 
eter of the laser beam. 

4. The optical fiber fusion splicer of claim 1, wherein 45 
the means for heating includes a carbon dioxide 
laser. 

5. The optical f iberfusion splicer of claim 1, wherein 

the means for supporting includes so 

means for reflectively sensing light trans- 
mission through at least one of the optical fibers. 

6. The optical fiber fusion slicer of claim 5, wherein 

the means for supporting further includes 55 

means for positioning the optical fibers re- 
sponsive to the means for reflectively sensing. 

7. The optical fiber fusion splicer of claim 1, wherein 

8 



the means for supporting includes 

means for imaging the peripheries of the 
optical fibers. 

8. The optical fiberfusion splicer of claim 7, wherein 
the means for supporting further includes 

means for positioning the optical fibers re- 
sponsive to the means for imaging. 

9. The optical fiberfusion splicer of claim 1, wherein 
the means for heating includes 

a laser, 

a power meter that measures the output 
power of the laser, 

means for measuring the power applied to 
the ends of the optical fibers to be spliced, and 

means for controlling the output power of 
the laser responsive to the power meter and the 
means for measuring. 

1 0. The optical fiberfusion splicer of claim 1 , wherein 
the means for supporting includes 

a first optical fiber clamp that holds one of 
the optical fibers, and 

a second optical fiber clamp that holds the 
other of the optical fibers. 

11. The optical fiberfusion splicer of claim 10, further 
including 

means for controllably moving the first opt- 
ical fiber clamp in three axes. 

12. The optical fiber fusion splicer of claim 1, further 
including 

means for recoating the spliced optical fib- 
ers with buffer material. 

13. An optical fiberfusion splicer, comprising: 

a laser power source that produces a laser 
beam having a laser beam axis, the laser power 
source including 

a laser, 

a shutter that controllably blocks 
and passes the laser beam, and 

an optical system that expands the 
diameter of the laser beam; 

a parabolic mirror having its axis coinci- 
dent with the laser beam axis and having a bore 
therethrough coincident with the laser beam 
axis; 

a first optical fiber clamp positioned be- 
tween the laser and the parabolic mirror, as 
measured along the laser beam axis, the first opt- 
ical fiber clamp holding and positioning a first opt- 
ical fiber to be spliced with its axis coincident with 
the laser beam axis and with the first end of the 
first optical fiber to be spliced at the focus of the 
parabolic mirror; 
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a second optical fiber clamp positioned 
further from the laser than the parabolic mirror, 
as measured along the beam axis, the second 
optical fiber clamp holding and positioning a sec- 
ond optical fiber to be spliced with its axis coinci- 
dent with the laser beam axis and with the sec- 
ond end of the second optical fiber to be spliced 
at the focus of the parabolic mirror; 

a sensor that measures the power reach- 
ing the first and second optical fiber ends at the 
focus of the parabolic mirror; and 

a controller that controls the power level of 
the laser beam responsive to the power meas- 
ured by the sensor. 

14. The optical fiber fusion splicer of claim 13 or 
Claim 10, wherein at least one of the optical fiber 
clamps comprises 

a support base having a groove therein di- 
mensioned to conform to the optica! fiber, and 

a retainer that fits into the groove and has 
a contact end dimensioned to conform to the opt- 
ical fiber. 

15. The optical fiber fusion splicer of claim 13, further 
including 

a clamp holder that fixedly positions the 
first and second optical fiber clamps in a prees- 
tablished relation relative to each other. 

16. The optical fiber fusion splicer of claim 13, further 
including 

an instrument that reflectively measures 
the presence of defects within at least one of the 
optical fibers. 

1 7. The optical fiber fusion splicer of claim 1 3, further 
including 

a remotely controllable stage that control- 
lably moves the first optical fiber clamp along 
three axes, and 

a video sensor that images the peripheries 
of the optical fibers. 

1 8. The optical fiber fusion splicer of claim 1 7, where- 
in the controller receives the images of the video 
sensor and performs pattern recognition of those 
images, and thereafter responsively commands 
the remotely controllable stage to position the 
first optical fiber clamp. 

19. A method for splicing together the ends of two 
optical fibers, comprising the steps of 

supporting two optical fibers with tbeir 
ends in an aligned facing relation along an axis; 

heating the two optical fibers uniformly 
around their circumferences at their facing ends; 
and 



controlling the power input during the step 
of heating so as to heat the optical fibers at their 
facing ends with the minimum power sufficient to 
5 fuse the facing ends. 

20. The method of claim 1 9, wherein the step of heat- 
ing is accomplished utilizing a laser, and the step 
of controlling includes the steps of 
10 monitoring with a video camera the ends 

of the two optical fibers to be spliced, and 

moving the optical fibers responsive to the 
images of the video camera to align the ends. 

15 21. The method of claim 1 9, wherein the step of con- 
trolling includes the steps of 

monitoring light reflected from surfaces 
and defects within at least one of the optical fib- 
ers, and 

20 moving t he optical fibers responsive to t he 

intensity of the reflected !ig ht-to- align the ends. 

22. An optical fiber clamp used to hold a cylindrical 
optical fiber having a buffer layer of a preestab- 

25 lished radius, comprising: 

a base having an outer clamping surface; 
a slot in the base, the slot having a lower 
end convexly curved to about the radius of the 
optical fiber and precisely located relative to the 

30 clamping surface; 

a retainer having a tongue that removably 
slides into the slot, the tongue having a lower end 
concavely curved to about the radius of the opt- 
ical fiber, the retainer being dimensioned such 

35 that an outer surface of the retainer is flush with 

the outer clamping surface of the base when the 
retainer is assembled to the base with an optical 
fiber captured between the lower end of the slot 
and the lower end of the tongue. 

40 

23. The optical fiber damp of claim 22, wherein the 
outer clamping surface of the base is cylindrical, 
and the lower end of the slot is generally concen- 
tric with a cylindrical axis of the base. 

45 
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(m) Optical fiber laser fusion splicer. 

(fj) An optical fiber fusion splicer which includes 
means for supporting (92,46) two optical fibers 
(40.44) with their ends in an aligned facing 
relation along an axis (26), means for heating 
(22) the two optical fibers uniformly around 
their circumferences at their facing ends, and 
means for controlling (28) the power input to 
the means for heating so as to heat the optical 
fibers at their facing ends with the minimum 
power sufficient to fuse the facing ends. 

A laser (22) preferably a carbondioxide laser, 
produces a laser beam (24) directed along a 
beam axis (26). The laser beam (24) first passes 
through a controllable shutter (28) and then 
through a beam expander (30) that produces, an 
output laser beam (32) coaxial with the beam 
axis (26) but of expanded diameter as compared 
with the laser beam (24). 

A parabolic mirror (34) having a reflecting 
surface (36) which is a parabolic surface of 
revolution or paraboloid, is positioned so that 
its parabolic axis is coincident with the beam 
axis (26). The expanded laser beam (32) is also 
coincident with the beam axis (26), so that the 
laser beam (32) reflects from the parabolic ref- 
lecting surface (36) through a focal point (38) of 
the parabolic mirror (34). This arrangement, 
together with the coaxial alignment and posi- 
tioning of the ends of the optical fibers during 
splicing, ensures circumferentially ev n heating 
of the ends of the optical fib rs during the 
splicing operation. 

A first length of optical fiber (40) to be spliced, 
from which the buffer layer (16) has been re- 
moved, is supported in a first clamp (42). The 



first clamp (42) positions the first length of 
optical fiber (40) between the laser (22) and the 
mirror (34) coincident with the beam axis (26). A 
second length of optical fiber (44) to be spliced, 
from which the buffer layer (16) has been remo- 
ved, is supported in a second clamp (46). The 
second clamp (46) positions the second length 
of optical fiber (44) coincident with the beam 
axis (26) but further from the laser (22) than the 
mirror (34) along the beam axis (26). The mirror 
(34) has a bore (48) therethrough, coincident 
with the beam axis (26), of sufficient* diameter 
so that the second length of optical fiber (44) 
can pass therethrough. 
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